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Changes in the plankton composition of estuarine systems are often driven by freshwater 
flow.  These changes in species composition and abundance have the potential to affect 
trophic dynamics within the plankton community.  In order to quantify the effects of 
freshwater flow in estuaries, the structure of the spring plankton community and copepod 
grazing were examined in an extreme dry (2002) and wet (2003) year in two tributaries of 
Chesapeake Bay.  Increases in phytoplankton and copepod biomass in the wet year were 
large in comparison to the increase in microzooplankton biomass.  Ample abundance of 
prey and high copepod community grazing potentials indicate that microzooplankton 
biomass was influenced by strong top-down control in the high flow year.  While no 
evidence of a copepod-microzooplankton-phytoplankton trophic cascade was found, 
increased top-down control by grazers in combination with increased nutrient supply in 
wet years may be important in establishing spring phytoplankton blooms in Chesapeake 
Bay.  
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Introduction 
The goal of my thesis was to examine the trophic interactions between 
zooplankton (primarily copepods) and microzooplankton in relation to spring blooms of 
small dinoflagellates in tributaries of Chesapeake Bay.  I sought to determine if changes 
in plankton community structure and mesozooplankton grazing rates are able to create a 
window of opportunity for bloom development and propagation.  This temporal and 
spatial window of opportunity would be a variation on the match/mismatch hypothesis as 
set forth by Cushing (1990), where an increase in top-down grazing pressure by 
mesozooplankton on heterotrophic protozoa may provide sufficient relief of top-down 
control of small phytoplankton to aid in bloom development.  In order to accomplish this 
goal I examined changes in organism biomass and mesozooplankton grazing rates in 
response to changes in the physical environment, and the ability of in situ 
mesozooplankton populations to sufficiently reduce heterotrophic protozoa biomass via 
grazing.  The data for my thesis were collected from March through May of 2002 and 
2003.  Sampling events and grazing experiments (as discussed in chapter 2) were 
conducted on a weekly basis in order to encompass pre-bloom, bloom, and post-bloom 
conditions.  
 Copepods may be the most numerous metazoan organisms on earth.  Present in all 
aquatic systems, copepods are important components of aquatic food webs; where they 
act as both predator and prey, and nutrient regenerators.  Many early studies of copepod 
feeding ecology classified copepods as strict herbivores, grazing on diatoms and other 
large phytoplankton species.  However, within the last 30 years the studies have shown 
that copepods are rarely strict herbivores but ingest a wide variety of food types, 
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including detritus, protozoa, and other metazoans (Lonsdale et al. 1979, Roman 1984, 
Stoecker & Capuzzo 1990).  In order to meet reproductive and metabolic needs, 
copepods require food sources with larger N:C ratios (Houde & Roman 1987), and 
ingestion of phytoplankton alone often does not meet this need (White & Roman 1992a).  
Since microzooplankton are rich in nitrogen containing compounds (Stoecker & Capuzzo 
1990), they are able to fill the nutritional deficit created by feeding solely on 
phytoplankton (White & Roman 1992a).  In addition to providing nitrogenous 
compounds, microzooplankton provide a source of superior food quality through a 
process known as trophic upgrading (Klein Breteler et al. 1999, Bec et al. 2003, Klein 
Breteler et al. 2004).  Trophic upgrading involves the provision of essential lipids, not 
always available in algae, to copepods when they prey upon microzooplankton that are 
synthesizing these compounds as a result of grazing upon algae.  Thus rather than just 
serving as trophic intermediary between algae and copepods, microzooplankton may 
upgrade the biochemical composition of phytoplankton for copepods. 
Comparisons of copepod clearance and ingestion rates on various prey showed 
that copepods had higher rates on heterotrophic protozoans than on small phytoplankton 
(Dolan 1991, Gifford & Dagg 1991).  Grazing rates on protozoans remained higher than 
the rates for small phytoplankton even when protozoans constituted a smaller portion of 
available prey biomass than the small phytoplankton species (Gifford & Dagg 1988, 
Rollwagen Bollens & Penry 2003).  Rather, it is the microzooplankton that are the 
dominant grazers of small phytoplankton, and in some systems heterotrophic protozoans 
can consume 100% of daily phytoplankton production (Sherr & Sherr 1994).  When 
compared with copepod grazing rates on similar phytoplankton species, 
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microzooplankton grazing rates were approximately 100 times greater (Sommer et al. 
2002).  Johnson et al. (2003) reported that microzooplankton in Chesapeake Bay 
exhibited grazing rates on the bloom forming dinoflagellates Prorocentrum cordatum and 
Karlodinium micrum that were greater than the maximum growth rates of those 
dinoflagellates.  Thus microzooplankton could provide sufficient grazing pressure to 
prevent net growth, and therefore bloom formation, of small dinoflagellates in 
Chesapeake Bay.  Microzooplankton also exhibit growth rates that are equal to, or greater 
than their phytoplankton prey (Sherr & Sherr 1994), so microzooplankton are able to 
increase community biomass at a rate which allows them to effectively graze rapidly 
forming phytoplankton blooms.  Given this information and the large variability with 
which copepods graze harmful algal bloom forming species (Turner & Tester 1997), 
microzooplankton may have the greatest top-down impact on small bloom forming 
phytoplankton, and changes in microzooplankton biomass and grazing rates may prevent 
or aid in bloom formation.  Copepods may then affect bloom dynamics indirectly through 
regulation of microzooplankton biomass, thus resulting in a trophic cascade that may or 
may not lead to windows of opportunity for algal bloom formation.  
 Copepods are the dominate mesozooplankton species in Chesapeake Bay, 
comprising > 65% of total zooplankton numbers (Brownlee & Jacobs 1987).  The 
copepod species that dominate the Maryland portion of Chesapeake Bay are Acartia 
tonsa, A. hudsonica, and Eurytemora affinis.  Acartia spp. are present throughout the year 
with A. hudsonica being the dominant species during the winter and spring and A. tonsa 
being the dominant Acartia and overall copepod species during the summer and fall and 
in salinities >18.  Sullivan & McManus (1986) determined that the effect of temperature 
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on the reproductive success of each species was the reason for this seasonal succession.  
E. affinis is present in the oligo- and mesohaline portions of the Bay throughout the year 
and is the dominant copepod species in the winter and spring.  In the mesohaline portion 
of the Bay A. tonsa succeeds E. affinis as the dominant copepod in the summer and then 
vice versa in the winter.  The reason for this seasonal succession may be that A. tonsa is 
able to out compete E. affinis at higher temperatures and salinities due osmotic stress, as 
evidenced by changes in protein expression in E. affinis (Bradley 1991, Kimmel & 
Bradley 2001).       
It is important to note at this point that in the data presented in chapters 1 & 2 I 
did not distinguish between A. tonsa and A. hudsonica.  In order to process the samples 
more quickly I combined the two species under the general title of Acartia spp., and 
when I calculated biomass and the percent of body carbon ingested I used equations 
developed for A. tonsa.  I was able to do this because both species have comparable 
percentages of body carbon in relation to their dry weight (Ambler 1985, Cataletto & 
Fonda Umani 1994).  White & Roman (1992b) noted differences in ingestion rates 
between the two species, but this is probably the result of the difference in temperature at 
which the rates were measured as Gaudy et al. (2000) found no significant differences in 
ingestion between the two species at the same temperature, salinity, and food 
concentrations. 
 Chapter 1 examines the changes in plankton community biomass and composition 
that occur when transitioning from low to high freshwater input in mesohaline tributaries 
of Chesapeake Bay.  Increased freshwater input delivers more nutrients to the Bay 
through increased runoff from nutrient rich soils.  Favorable bottom-up controls, such as 
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increased nutrient levels, often aid the development of spring algal blooms in Chesapeake 
Bay.  The goal of this chapter was to determine if significant changes in biomass occur 
within the different levels of the plankton community (specifically focusing on copepods) 
with increasing freshwater input that would indicate the presence of possible windows of 
opportunity for bloom development.  The structure of the grazer community is important 
because if a bloom becomes established without a sufficient abundance of grazers, bloom 
species may be able to outgrow their predators even if these predators exhibit high 
grazing rates (Turner & Tester 1997).  
 In chapter 2 the potential for copepod control of microzooplankton populations, 
and if there exists a copepod – microzooplankton – phytoplankton trophic cascade that 
may aid spring bloom formation are examined.  Based on estimated clearance and 
ingestion rates for microzooplankton (Stoecker & Capuzzo 1990), copepods have the 
potential to exert substantial top-down grazing pressure on microzooplankton 
communities.  As noted above, this ability is also dependent on a ample abundance of 
copepods (Turner & Tester 1997).  The goals of this chapter were to determine if the 
increased copepod biomass, noted in chapter 1 in the wet year, leads to significant 
increases in ingestion of microzooplankton and the ability to control microzooplankton 
biomass through grazing rates that are equal to or greater than microzooplankton growth 
rates.  The ability of copepods to control microzooplankton is important in relation to 
spring bloom formation because of the potential to create spatial and temporal windows 
of low grazing pressure on small (<10 µm) phytoplankton in conjunction with a sufficient 
supply of nutrients.  The effect of similar trophic cascades have been linked to changes in 
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phytoplankton concentrations in freshwater systems (McQueen et al. 1986, Carpenter et 
al. 1987).  
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Chapter 1 
Changes in estuarine plankton community structure in response to 
freshwater flow
 11
Abstract 
 Changes in plankton composition and species abundance in estuaries are often 
driven by freshwater flow.  This chapter describes the effects of below and above average 
freshwater flow on the spring plankton community structure of two sub-estuarine 
tributaries of Chesapeake Bay.  The biomass of phytoplankton, microzooplankton, 
copepods, and gelatinous zooplankton were measured during the spring of consecutive 
dry (below average flow) and wet (above average flow) years.  Changes in biomass of 
each of these groups were related to the effects of changes in both bottom-up and top-
down controls.  Significant increases in phytoplankton biomass and copepod biomass 
were measured in the wet year as compared to the preceding dry year.  Microzooplankton 
biomass also increased in the wet year, however the difference between years was not 
significant.  The ctenophore Mnemiposis leidyi, which was present during the dry year, 
was absent during the sampling period of the wet year.  The increases in phytoplankton 
and copepod biomass (733% and 4110% respectively) were much larger than the 53% 
increase in microzooplankton biomass.  The results suggest increased control of 
microzooplankton populations by the enlarged copepod community in the wet year and 
that this may have released top-down control on phytoplankton.  Reduced grazing, in 
conjunction with increased nutrient availability, allowed for the large increase in 
phytoplankton biomass.  Thus increased freshwater flow has the potential to influence 
trophic cascades. 
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Introduction 
 The variability of the physical, chemical, and biological processes in estuarine 
systems are often driven by the amount of freshwater input entering these estuaries from 
contributing rivers (Cloern et al. 1983, Garcia-Soto et al. 1990, Mallin et al. 1993).  In 
Chesapeake Bay the maximum freshwater input occurs during the late winter and early 
spring (Schubel & Pritchard 1987).  This spring freshet results in increased nutrient 
loading into the Bay and therefore indirectly leads to the spring phytoplankton bloom 
(Harding 1994).  Periods of high precipitation that result in above average spring 
freshwater input cause enhanced spring bloom conditions whereas periods of low 
precipitation and below average freshwater input often preclude the spring bloom 
(Harding & Perry 1997).  Changes in freshwater flow also correlate with changes in the 
temporal and spatial abundances of the dominant copepod species in the Bay (Kimmel & 
Roman 2004).      
 The effect of increased freshwater flow on the ecology of estuaries seems to be 
highly variable, with different effects of flow on the abundances of similar organisms in 
different estuaries (Flint 1985, Mallin et al. 1993, Kimmerer 2002).  Whether freshwater 
flow has positive or negative effects on an organism’s abundance in the San Francisco 
Estuary appears to be primarily controlled by physical factors such as changes in light 
limitation, salinity and temperature induced stress, and the residence time of the system 
(Kimmerer 2002).  However, Alpine & Cloern (1992) found that the biomass of 
chlorophyll a (chl a) in the same estuary was controlled jointly by physical (river flow) 
and biological (grazing by predators) controls.  Results of freshwater input from other 
systems showed similar patterns to Chesapeake Bay, where phytoplankton biomass 
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increased with increasing freshwater input (Mallin et al. 1993, Livingston et al. 1997, 
Mozetic et al. 1998).  In Corpus Christi Bay, Flint (1985) found that 84 % of the 
variability in primary production was explained by changes in freshwater input. Other 
ecological impacts of changes in freshwater input to river-dominated estuaries include 
changes in the trophic structure, whereby the trophic structure of Apalachicola Bay 
changed from being herbivore dominated to being dominated by succeeding higher order 
carnivores during extended periods of decreased freshwater flow (Livingston et al. 1997).      
Most studies on freshwater flow effects in Chesapeake Bay have focused on the 
seasonal variation of phytoplankton biomass and zooplankton in the main stem of the 
Bay (Malone et al. 1988, Harding 1994, Purcell et al. 1994, Kimmel & Roman 2004).  
However, relatively few studies have focused on the sub-estuary tributaries.  These 
tributaries play an important role in the ecology of Chesapeake Bay.  The tidal freshwater 
and brackish portions of these tributaries serve as nursery and spawning grounds for 
many commercially and recreationally import species of estuarine, freshwater, and 
anadromous fish (Setzler-Hamilton 1987, Houde & Rutherford 1993).  The tributaries are 
locations of significant point and non-point source nutrient inputs (Boynton et al. 1995, 
Jordan et al. 2003).  In Chesapeake Bay, blooms of the harmful or potentially harmful 
dinoflagellate species Pfiesteria piscicida, Prorocentrum cordatum, and Karlodinium 
micrum (formerly Gyrodinium galatheanum) often have their origin in the tributaries 
(Lewitus et al. 1995, Li et al. 2000).  In the case of P. cordatum, the blooms are aided by 
the convergence of down-river flowing nutrient-rich freshwater (surface water) with up-
river flowing deep water containing the dinoflagellate (Tyler & Seliger 1978).  This 
convergence of nutrient rich freshwater and higher salinity deep water can be caused by 
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either the decreased water depth in the middle to upper portions of the tributaries or by 
wind-driven upwelling over sills at the mouth of the tributary (Sanford & Boicourt 1990).  
Thus these sub-estuary tributaries can often be the primary location for the interaction 
between nutrient replete runoff and estuarine phytoplankton species. 
The goals of this research are to describe (1) phytoplankton, microzooplankton, 
and mesozooplankton composition and biomass and (2) spatial and temporal patterns of 
plankton biomass; (3) relate these patterns to environmental conditions; (4) predict how 
environmental changes may contribute to spring bloom dynamics in these estuarine 
tributaries during low and high freshwater flow years.  I hypothesize that increased 
freshwater input into estuarine tributaries of Chesapeake Bay will increase phytoplankton 
and zooplankton biomass.  I predict that increased freshwater input will increase the 
importance of physical controls (such as temperature and salinity) over mesozooplankton 
abundance, whereas prey abundance and availability will be more important with 
decreased freshwater input.  This prediction is based on the hypothesis that in low flow 
years phytoplankton biomass is reduced due to nutrient limitation thereby limiting 
secondary production, due to food limitation.  Conversely, wet years will not experience 
nutrient limitation and physical factors such as temperature and salinity may have more 
of an effect on zooplankton distributions. 
 
Materials and Methods 
Study Site and Sampling Locations   
Sampling was conducted from March through May in 2002 and 2003 in the 
Patuxent and Choptank Rivers, which are western and eastern shore tributaries of 
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Chesapeake Bay, USA (Figure 1-1, Table 1-1).  These rivers were chosen for their 
logistical convenience, the existence of ongoing monitoring programs (EPA Chesapeake 
Bay Program; www.chesapeakebay.net/data/index.htm) with real-time capabilities 
(Coastal Intensive Site Network; www.cisnet-choptank.org), and because of their similar 
bathymetry.  Three stations (termed lower, middle, and upper) were chosen for the 
Patuxent River and two stations (termed middle and upper) were chosen for the Choptank 
River (Figure 1-1).  Micro- (20-200 µm) and mesozooplankton (> 200 µm) samples were 
collected and CTD (Sea-Bird Electronics) casts were conducted to measure conductivity, 
temperature, and fluorescence.  These stations will henceforth be referred to as the 
biological stations.  Additional CTD casts were conducted in each river at various 
intervals along the main channels, proceeding from the mouth to the upriver limit of the 
salt intrusion. 
  
Collection Methods and Sample Preservation   
Mesozooplankton were collected by towing a 0.5 m diameter 200 µm mesh size 
plankton net and an attached flow meter (General Oceanics Inc.) at the surface.  These 
samples were preserved on location with 5% (v/v) buffered formalin for future analysis.  
If gelatinous zooplankton were present, the wet weight biomass was determined by 
measuring the displacement volume.  This was done by measuring the volume of the 
sample before and after removing the gelatinous zooplankton with a colander (3 mm 
diameter openings).  Microzooplankton (20-200 µm) samples were collected from the 
surface by collecting water in a bucket, preserving the samples in 10 % (v/v) acid Lugol’s 
solution (Parsons et al. 1984a) for determination of in situ biomass.  Whole water 
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samples were also collected from the surface of each biological station and stored in 
polypropylene bottles in a dark cooler for transportation to the laboratory.  A portion of 
the water samples was filtered through a 10 µm membrane filter to obtain a sample of 
water containing only <10 µm organisms.  The whole water samples and the <10 µm 
water samples where then filtered through GF/F filters and we determined the chl a 
concentration in the extracted samples.   
 
Sample Analysis and Calculations   
Microzooplankton were enumerated by using settling chambers and an inverted 
microscope (Utermöhl 1958).  Ciliates and heterotrophic dinoflagellates were grouped 
according to size, shape, or genera; from which their volume was determined (Table 1-2).  
The dimensions of Tintinnids, and Spherical and Conical Ciliates (Table 1-2) were 
determined by taking the average dimensions of at least 10 organisms of each type 
measured using an ocular micrometer in samples from both years and both rivers.  In 
order to calculate Tininnid biovolume, the lorica volume (LV) was calculated using the 
volume equations for a cylinder with a cone attached to one end (Hillebrand et al. 1999).  
The biovolume was then estimated to be 31% of the LV (Gilron & Lynn 1989) and 
converted the biovolume to biomass by using a conversion factor of 0.14 pg C µm-3 (Putt 
& Stoecker 1989).  Oligotrichous ciliate volume (µm3 cell-1) was converted to carbon 
units (µg C ml-1) by using a conversion factor of 0.22 pg C µm-3, which was determined 
by correcting the conversion factor of 0.14 pg C µm-3 for a 59% underestimation of 
biomass caused cell shrinkage when using 10% acid Lugol’s solution (Stoecker et al. 
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1994).  Heterotrophic dinoflagellate volume was converted to carbon units using the 
following equation from Menden-Duer & Lessard (2000): 
µg C = (0.760 * volume0.819) * 10-6    Eqn. 1 
where volume is expressed as µm3 cell-1.  The concentration of chl a was measured at all 
stations by extracting the chl a in 90% Acetone and using a Turner flurometer as 
described in Parsons et al. (1984a).  For each biological station the amount of extracted 
chl a in the <10 µm fraction was subtracted from the amount in the whole water fraction 
to determine the amount of >10 µm chl a.  The >10 µm chl a concentration (µg L-1) 
fraction was then converted to carbon units (µg C L-1), using a carbon to chl a ratio of 
30:1 (Parsons et al. 1984b), so that it could be compared to microzooplankton biomass.   
Only the fraction of chl a > 10 µm was used to determine the amount of chl a available to 
as potential copepod food because the lower size limit for particle capture of the 
copepods Acartia spp. and Eurytemora affinis is 7-10 µm (Nival & Nival 1976, 
Berggreen et al. 1988).  Mesozooplankton were counted and grouped according to class 
and copepods were further divided into genera.  The abundance of copepods (number L-1) 
was then calculated using the following equation: 
 
Abundance (number L-1) = [Number of copepods / Tow volume (m3)] / 1000  Eqn. 2 
 
where tow volume was obtained from the flow meter attached to the plankton net.  The 
prosome lengths of the first 50 adult copepods counted were measured, and the average 
length was used to determine body carbon content using equation 3a for Acartia spp. 
(Berggreen et al. 1988) and 3b for E. affinis (Kankaala & Johansson 1986): 
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C = (1.11*10-8) * PL2.92     Eqn. 3a 
C = (2.02*10-8) * PL2.83     Eqn. 3b 
where C is carbon content (in µg C) and PL is the average prosome length (µm) for that 
species.  
 Due to the two-year sampling program of this study, the results contained in this 
paper were compared to a long-term (1985 – present) database from the Chesapeake Bay 
Program (CBP, http://www.chesapeakebay.net/data/index.htm).  The CBP monitors 
various physical and biological parameters at locations in both the Patuxent (CBP station 
LE 1.1) and Choptank (CBP station ET 5.2) rivers that are near the upper biological 
stations of both rivers.  The yearly average spring chl a concentration and copepod 
abundance data collected during the study presented in this paper were added to data that 
the CBP had collected starting in 1985 in the Patuxent River and 1988 in the Choptank 
River.  The historical data on microzooplankton abundance was not included due to 
differences in enumeration and classification methods.  The average spring stream flow 
data (obtained from USGS website as referenced in Figure 1-2) was also extended to 
include these additional years.  Years of high conditions (stream flow, chl a 
concentration, and copepod abundance) were determined to be those with averages 
greater than the 3rd quartile, and years of low conditions are those with averages below 
the 1st quartile.   
Statistical analyses were conducted using JMP Statistical Discovery Software 
4.0.4 (SAS Institute Inc.).  Student’s t-tests were applied to the data to determine 
differences between the dry and wet years.      
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Results 
Comparison of Physical Data   
Stream flow for both the Patuxent and Choptank Rivers was much higher in 2003 
(wet year) than 2002 (dry year) (Figure 1-2).  In 2003 the mean flow during the sampling 
period was greater than the long term mean (Patuxent - 25 years, Choptank - 55 years) 
flow for March through May, but was less than the long term mean flow in 2002.  Thus, 
2003 (10.09 m3 s-1) was an above average (5.77 m3 s-1) wet year and 2002 (2.67 m3 s-1) 
was a below average dry year.  Due to the large variability in daily measured stream flow, 
the data was grouped into monthly averages in order to determine if statistical differences 
in river flow existed between the 2 years.  Average monthly stream flow was 
significantly greater in 2003 as compared to 2002 in both the Choptank (Student’s t-test, 
p < 0.05) and the Patuxent (Student’s t-test, p < 0.05) Rivers.  Average temperature and 
salinity showed a general trend (Figure 1-3 & 1-4) of decreased values at each biological 
sample location in the wet year as compared to the dry year for both rivers.  Student’s t-
test results indicated statistically significant decreases in average salinity in 2003 at all 
the biological sample stations.   
 
Comparison of Biological Data   
There was an increase in monthly averaged phytoplankton biomass in the wet 
year as compared to the dry year in both rivers and at all biological sample locations 
(Figure 1-5).  There was also a greater degree of variability in the phytoplankton biomass 
in the wet year.  The variance in biomass at the biological stations in both rivers ranged 
from 0.32 – 0.89 in the dry year as compared to a range of 0.66 – 1.25 in the wet year.  
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The variance was greater in the wet year (F test, p < 0.01) than the dry year at all 
biological stations of both rivers.  The greatest phytoplankton biomass estimates in both 
rivers (Choptank = 99.17 µg L-1, Patuxent = 225.28 µg L-1) were recorded near the upper 
biological sample stations, which correspond to the general area of the estuarine turbidity 
maximum (ETM) of both rivers.  Another effect of the increased flow in the wet year was 
the displacement of the average chl a maximum downriver from its position in the dry 
year.  The position of the average chl a maximum in the dry year was at 47.71 km and 
48.97 km (Patuxent and Choptank respectively) from the mouth of each river compared 
to 35.04 km and 31.60 km (Patuxent and Choptank respectively) in the wet year. 
 Average microzooplankton (composed of ciliates and heterotrophic 
dinoflagellates, Table 1-2) biomass (Figure 1-5) increased in the wet year as compared to 
the dry year at all biological sample stations in both rivers, except the upper station of the 
Patuxent River.  The greatest average amount of biomass was measured in the Choptank 
River (0.50 µg C ml-1), at the middle biological station.  Variability in biomass was 
sufficient enough during the sampling period to negate any statistically significant 
differences between the wet and dry years, except for the middle Choptank station.  
Variance in the average biomass was greater in the wet year (ranging from 0.98 – 1.42) 
than the dry year (ranging from 0.39 – 1.33).  The upper station of the Choptank River 
was the only station where variance (F test, p = 0.78) was greater in the dry year.  While 
microzooplankton biomass increased in the wet year, its percentage in relation to total 
carbon available to mesozooplankton predators decreased (Table 1-3).  The average (of 
all stations) percent of microzooplankton that comprised the total available <200 µm 
plankton carbon was 47% in the dry year as compared to 14% in the wet year.       
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 Average total copepod biomass, consisting of Acartia spp. and Eurytemora 
affinis, was higher at all biological stations in both rivers in the wet year (Figure 1-6).  
This increase was significant at the middle station of the Choptank River and lower 
station of the Patuxent River (p < 0.05).  As in the case of chl a, total copepod biomass 
was more variable in the wet year, with variance ranging from 0.08 – 1.68 in the wet year 
and 0.88 – 1.45 in the dry year.  Variance was greater in the dry year at the lower and 
upper stations of the Patuxent River, but was only significantly greater at the upper 
station (F test, p << 0.001).  This was due in part to the presence of monospecific E. 
affinis aggregations observed at the middle and upper stations of the Choptank River and 
the upper station of the Patuxent River in early to mid April of the wet year.  During 
these aggregations, E. affinis abundance at the surface was recorded to be as high as 120 
L-1 at the upper biological station of the Choptank River, whereas the average abundance 
of adult E. affinis at the same station in the dry and wet years were 1 and 21 L-1, 
respectively.  The recorded abundance of copepods present during the blooms may be 
underestimated because there were so many copepods that the plankton nets became 
clogged.   
The presence of the monospecific aggregations of E. affinis also denotes another 
difference in the copepod community between the wet and dry year, wherein E. affinis 
comprised a greater proportion of the total copepod abundance in the wet year (Table 1-
3).  The abundance of E. affinis was greater at all biological stations in the wet year than 
in the dry year, and there were more E. affinis than Acarita spp. at the upper stations of 
both rivers.  During the dry year the species Centropages sp. was also present, but never 
comprised more than 5% of the total copepod abundance.  
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The only gelatinous zooplankton species collected was the ctenophore 
Mnemiopsis leidyi.  M. leidyi were present during the sampling period in the dry year in 
both rivers (Figure 1-6), and no gelatinous zooplankton species were collected during the 
sampling period of the wet year.  The greatest average biovolume of M. leidyi (7.86 ml 
m-3) was measured at the upper biological station of the Patuxent River (Figure 1-6). 
Although there was an increase in the biomass of all 3 food web components 
mentioned above (copepods, microzooplankton, and phytoplankton) in the wet year, the 
magnitude of increase was not uniform among all 3 plankton groups (Figure 1-7).  
Rather, the percent increase in copepod biomass was the greatest at 4110%, followed 
phytoplankton biomass at 733%, and both were much greater than the increase in 
microzooplankton biomass (88%).   
 
Comparison with Historical Data     
The historical data from the CBP website was used to determine if there were 
other years which displayed the same trend as was noted during the dry year (2002; low 
flow, low chl a concentration, low copepod abundance) and the wet year (2003; high 
flow, high chl a concentration, high copepod abundance).  In the Choptank River, 1994 
had high flow and chl a concentrations that correlated with above average copepod 
abundance, and 1998 experienced high chl a concentration and copepod abundance with 
above average flow (Figure 1-8).  In 1988 the pattern was consistent with 2002 where all 
3 parameters were low, and in 1992 there was low flow and copepod abundance 
corresponding to below average chl a concentration, and 1999 had low flow and chl a 
concentration with below average copepod abundance (Figure 1-8).  In the Patuxent 
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River the high trend in 2003 was supported by a similar results in 1998, and the low trend 
of 2002 was similar to 1999 and 1992 (Figure 1-9).  The results of paired comparison 
tests showed strong positive correlations between flow and chl a concentration (r2 = 0.53, 
p < 0.05) and copepod abundance (r2 = 0.63, p < 0.05), and between copepod abundance 
and chl a concentration (r2 = 0.47, p = 0.07) in the Choptank River.  In the Patuxent 
River, river flow and copepod abundance showed a strong positive correlation (r2 = 0.46, 
p < 0.05), whereas chl a was negatively correlated with copepod abundance (r2 = -0.61, p 
< 0.01) and flow (r2 = -0.23, p = 0.35).  Thus there is historical support from both rivers 
for the influence of river flow on phytoplankton and copepod biomass as we observed for 
2002 and 2003. 
 
Discussion 
 In estuarine systems phytoplankton production is driven by nutrient inputs, 
circulation patterns, residence times, and vertical stability of the water column (Malone et 
al. 1988).  All of these control factors are driven partially, if not completely, by 
freshwater input.  Freshwater flow is strongly correlated with increased nutrient input 
(Harding & Perry 1997) and hence chl a concentration (Malone et al. 1988).  Thus an 
increase in flow can be expected to produce an increase in phytoplankton biomass, as 
observed during the wet year of this study, where total phytoplankton biomass increased 
733% in the wet year.  Additionally, the biomass of  >10 µm phytoplankton increased by 
an average of 956% in the wet year.  Additionally, the biomass of  >10 µm phytoplankton 
increased by an average of 956% in the wet year.  Increased freshwater flow and nutrient 
inputs may favor large phytoplankton over <10 µm phytoplankton due to the potential for 
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increased large diatom concentrations as a result of environmental conditions, such as 
increased turbidity and vertical mixing, that are associated with greater flow and favor 
diatoms over smaller nanoplankton (Malone 1980 and references therein). 
It is particularly interesting to note that this increase occurred congruently with a 
large increase in copepod biomass (see below), as large phytoplankton (>10 µm) are 
generally considered to be a major component of copepod’s diets (Kleppel 1993, Stibor et 
al. 2004a).  The increase in large phytoplankton biomass in conjunction with increasing 
copepod biomass may be the result of greater phytoplankton growth rates than copepod 
grazing rates, or of a poor spatial-temporal match between the large phytoplankton and 
copepod biomasses.  However, the increase in large phytoplankton biomass, and total 
phytoplankton biomass in general, could also be a product of the comparatively small 
increase in microzooplankton biomass in the wet year (see below).  It is possible that 
copepods predominantly grazed upon microzooplankton rather than phytoplankton during 
the wet year, thus allowing for a release of grazing pressure on both total and >10 µm chl 
a.  Vadstein et al. (2004) described a situation where an increased presence of copepods 
correlated with increased phytoplankton biomass through the removal of herbivorous 
microzooplankton.  While this effect was most evident in the nanoplankton biomass, 
increased total phytoplankton biomass also correlated with an increasing presence of 
copepods.  In order to determine if copepods were predominately grazing on 
microzooplankton as opposed to large phytoplankton during the wet year, comparative 
grazing experiments need to be conducted, where the relative amounts of clearance and 
ingestion rates of these two prey types are compared.  
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 The abundance of planktonic grazers (both herbivorous and omnivorous) is 
directly linked to river flow through bottom-up mechanisms such as the dispersion of 
grazer communities by increased river flow, and the abundance of prey (Livingston et al. 
1997).  Increased abundances of phytoplankton benefit microzooplankton communities, 
as herbivorous microzooplankton are the dominant predators of phytoplankton (Sherr & 
Sherr 1994).  Thus it could be expected that increases in phytoplankton biomass would 
lead to increased protozoan grazer biomass.  However, there was a < 2x increase in 
microzooplankton biomass in the wet year despite an approximately 8x increase in total 
phytoplankton biomass (Figure 1-7).  This apparent mismatch could be the result of weak 
coupling between primary producers and herbivores, as was noted by Micheli (1999).  
However, that study focused on interactions between mesozooplankton and 
phytoplankton and did not examine correlations between microzooplankton and 
phytoplankton biomass.  Filemann & Burkill (2001) found that while there was a weak 
relationship between phytoplankton and mesozooplankton, close coupling existed 
between microzooplankton and phytoplankton.  Furthermore, there is evidence of strong 
trophic coupling between microzooplankton and phytoplankton in tributaries of 
Chesapeake Bay (Gallegos 1989).  The large percentage of daily primary production that 
is consumed by microzooplankton also suggests close trophic coupling.   
Microzooplankton have been found to consume 25-100% of daily phytoplankton 
production, depending on their growth rate (Gifford & Dagg 1988, Verity et al. 1993, 
Stoecker et al. 2000).  Thus it does not seem likely that the small increase in 
microzooplankton biomass in the wet year as compared to phytoplankton biomass is the 
result of weak coupling between the two trophic levels. 
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It is also possible that the small increase in microzooplankton was a result of top-
down effects of mesozooplankton grazing.  Copepods exhibit high clearance rates for 
microzooplankton, and it is estimated that they can remove > 100% if the 
microzooplankton from surface waters (Dolan 1991, Merrell & Stoecker 1998).  High 
clearance rates and ingestion rates of 21 to 93% of microzooplankton production per day 
(Nejstgaard et al. 2001, Zeldis et al. 2002) suggest that copepods can potentially control 
microzooplankton populations.  In the wet year of this study, copepod biomass increased 
by approximately 42x over the dry year biomass, while the increase in microzooplankton 
biomass was < 2x that of the dry year (Figure 1-7).  Thus it seems most likely that the 
small increase in microzooplankton in the wet year was a result of top-down grazing 
pressure from an increased copepod population.  However, to confirm this hypothesis 
results from copepod grazing experiments on microzooplankton need to be examined to 
determine if community-grazing rates removed a sufficient proportion of daily 
microzooplankton standing stock to limit growth.     
The abundance and biomass of copepods are controlled by various physical and 
biological factors, which can produce or relieve physiological.  Temperature and salinity 
directly effect copepod physiology, which is a contributing factor in determining the 
dominant species in a given location.  For instance, Acartia spp. prefer higher salinities 
and temperatures than E. affinis (Jeffries 1962, Kimmel & Roman 2004), and are 
negatively correlated with flow in the upper Chesapeake Bay (Jeffries 1962, Kimmel & 
Roman 2004).  Acartia tonsa and A. hudsonica (the 2 species included under the title 
Acartia spp.) experience maximum reproduction rates at 20 and 15 °C respectively 
(Sullivan & McManus 1986).  The average water temperature at all stations in the 
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Patuxent River in both the dry and wet years were below 15 °C and were slightly above 
15 °C during the only the wet year at both stations in the Choptank River (Figure 1-3 & 
1-4).   
We know that physical factors such as temperature control copepod abundance by 
influencing rates of feeding (via ingestion rates), respiration, and development and 
growth (White & Roman 1992b, Mauchline 1998).  Salinity also controls copepod 
abundance through osmoregulatory stress.  Euryhaline copepods are able to osmoregulate 
by adjusting the intracellular concentration of free amino acids in order to maintain cell 
volume (Goolish & Burton 1989, Burton 1991).  However, this is energetically costly and 
thus decreases the available energy needed for feeding and reproduction.  Food quantity 
and the presence of predators are biological factors that control copepod populations.  
Reproduction, as measured by egg production rates, is directly linked to food quantity 
and quality.   Copepods in food-limited environments produce significantly fewer eggs 
than those in phytoplankton and protozoan enriched environments (Ambler 1986, 
Sullivan & Banzon 1990, White & Roman 1992a).  Durbin et al. (1983) found that, in 
addition to increased egg production, greater food quantities led to significant increases 
in mean dry weight and cephalothorax length in A. tonsa.  In addition they noted that egg 
production and the mean dry weight copepods tracked the seasonal trend of chl a in 
Narragansett Bay.  Additionally, increased microzooplankton biomass (which was 
observed in the wet year, Figure 1-5) is nutritionally advantageous to copepods as 
microzooplankton prey can be a better source of protein and amino acids than 
phytoplankton (Houde & Roman 1987, Stoecker & Capuzzo 1990).  Reproductive 
advantages for copepods, such as increased egg production rates, have also been linked to 
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an increased availability of microzooplankton (Stoecker & Egloff 1987, Tiselius 1989).  
While food limitation can limit copepod abundance through decreasing reproduction and 
growth, predation may be the greatest biological factor limiting copepod abundance in 
Chesapeake Bay (Purcell et al. 1994, Roman et al. 2005).   
Increased copepod biomass in the wet year may also be the result of decreased 
top-down control due to the absence of ctenophores, as an increased presence of 
gelatinous zooplankton correlates with decreased copepod abundance (Granéli & Turner 
2002, Purcell & Decker 2005).  Granéli and Turner (2002) found that an increased 
presence of ctenophores led to increased ciliate abundance and a decreased 
phytoflagellate abundance through significant predation of copepods.  Other studies have 
also found that phytoplankton abundance increased in the presence of gelatinous 
zooplankton, due to the gelatinous zooplankton exerting top-down control over copepods 
(Deason & Smayda 1982, Schneider & Behrends 1998).  The ctenophore Mnemiopsis 
leidyi, which was the only gelatinous zooplankton collected during our sampling, is a 
voracious predator of copepods.  Blooms of M. leidyi often occur in the spring and fall in 
Chesapeake Bay (Purcell 1988) and they are thought to be able to control copepod 
populations whenever not inhibited by predation from Chrysaora quinquecirrha medusa 
(Purcell & Decker 2005).  In the Narragansett Bay, the amount of copepod abundance 
consumed by this ctenophore is estimated to be as much as 90% (Deason & Smayda 
1982), and regional estimates from Chesapeake Bay indicate that it grazes 11-31% of 
daily copepod standing stock (Bishop 1967, Purcell et al. 1994).     
The lack of M. leidyi during the wet year sampling period (Figure 1-6) is puzzling 
as its abundance has a strong positive correlation to freshwater input in Chesapeake Bay 
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(Kimmel & Roman 2004).  So why were there no M. leidyi during the wet year?  M. 
leidyi did appear in large numbers in the Chesapeake Bay in 2003, but not until mid 
summer, after our sampling ended (personal observation).  Since temperature is the most 
important environmental variable affecting growth and development of M. leidyi (Kremer 
1994), the development and migration of juvenile M. leidyi in the mesohaline region of 
Chesapeake Bay was delayed.  Even though there was an increase in freshwater flow 
during the wet year, this advantage was negated by the below average temperatures in 
late winter to early spring.   
 In conclusion, it was found that increased freshwater flow into tributaries of 
Chesapeake Bay had different effects on each of the 3 plankton groups.  Increased 
freshwater input led to large increases in phytoplankton and copepod biomass but a small 
and comparatively negligible increase in heterotrophic protozoan biomass.  The results 
suggest the presence of strong grazing control over microzooplankton populations by 
metazoan predators, thus accounting for the small increase in microzooplankton biomass.  
The ability of mesozooplankton to control microzooplankton biomass has important 
implications for phytoplankton bloom development and persistence, as changes in the 
abundance of herbivorous microzooplankton communities and their predators create the 
potential for top-down control of blooms (Hansen et al. 1993, Granéli & Turner 2002).  
The results also suggest that increased freshwater input strengthens the trophic cascade 
between meso- and microzooplankton and leads to a partial disruption of the microbial 
food web.  This disruption occurs when increased nutrient levels lead to increased 
primary production but a decrease in the transfer of this production up the food web as 
there is less grazing by microzooplankton.   
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Thus we find that changes in the abundances of planktonic grazers create a 
potential for top-down control of phytoplankton biomass in estuaries.  Recent studies 
from other estuarine systems support this conclusion and emphasize the importance of 
changing food web structure in controlling phytoplankton biomass (Hansen et al. 1993, 
Kivi et al. 1996, Stibor et al. 2004a, Vadstein et al. 2004). In order to effectively 
determine if the changes in microzooplankton and phytoplankton biomass were a direct 
result of top-down control from the mesozooplankton, additional investigations are 
needed to determine if the mesozooplankton grazing rates during the wet year were 
sufficient to limit microzooplankton growth in conjunction with the increased 
phytoplankton biomass.      
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Tables 
Table 1-1. Dates of sampling for the Choptank and Patuxent Rivers and stations where 
biological samples were collected.  Surface temperature is the temperature at a depth of 
1m.  C = Choptank River, P = Patuxent River, L = Lower, M = Middle, U = Upper 
 
 
 
 
 
 
 
 
Sampling 
Date River 
Experimental Stations 
(Surface Temperature [0C])  Year 
Sampling 
Date River 
Experimental Stations 
(Surface Temperature [0C]) 
        
11-Mar C   M(8) U(9)  2003 
(wet) 
19-Mar C   M(6) U(7) 
14-Mar P  L(8) M(9) U(10)   27-Mar P  L(3) M(5) U(6) 
21-Mar C   M(10) U(11)   1-Apr C   M(9) U(10) 
26-Mar C   M(9) U(9)   3-Apr P  L(9) M(11) U(12) 
28-Mar P  L(10) M(9) U(11)   14-Apr C   M(11) U(11) 
3-Apr C   M(13) U(14)   16-Apr P  L(10) M(11) U(12) 
8-Apr  C   M(11) U(12)   25-Apr C   M(13) U(14) 
11-Apr P  L(12) M(13) U(15)   28-Apr C   M(14) U(15) 
19-Apr C   M(15) U(16)   30-Apr P  L(14) M(16) U(18) 
24-Apr C   M(16) U(17)   7-May C   M(16) U(17) 
1-May P  L(16) M(17) U(18)   14-May C   M(17) U(17) 
8-May C   M(19) U(19)   20-May C   M(16) U(17) 
16-May C   M(18) U(19)   22-May P  L(16) M(17) U(17) 
23-May C   M(18) U(19)   28-May C   M(17) U(17) 
30-May C   M(23) U(23)      
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Table 1-2.  Microzooplankton classification (class, shape, or genus), size category, 
dimensions, lorica volume (LV), and biovolume (µm3 cell-1) used for microscopic counts 
and biomass calculations.  Ciliate size categories are based on anterior diameter.  
Dimensions of non-spherical organisms are listed as diameter * length.   
 a) Merrell & Stoecker 1998 
b) Strüder-Kypke et al. 2002 (http://www.liv.ac.uk/ciliate/) 
c) Phytoplankton Guide to the Chesapeake Bay and Other Regions 
(http://www.serc.si.edu/labs/phytoplankton/guide/index.jsp) 
 
 
 
 
 
 
 
 
 
Microzooplankton 
Class, Shape, or 
Genus 
 
 
Size Categories 
(µm) 
 
Dimensions 
(µm) 
 
LV         
(µm3) 
 
Biovolume      
(µm3 cell-1) 
     
Tintinnid <20   15 * 105 1.86 * 104 5.75 * 103 
 >20 25 * 72 3.24 * 104 1.00 * 104 
Spherical Ciliate <20 17 - 2.57 * 103 
 >20 34 - 2.06 * 104 
Conical Ciliate <20 17 * 42 - 3.18 * 103 
 >20 34 * 56 - 1.69 * 104 
Myrionecta rubra - 17 * 20 -   3.03 * 103 a 
Didinium gargantua - 50 * 70 -   8.50 * 104 b 
Dinophysis sp. - - -   3.28 * 103 c 
Protoperidinium spp. - - -   5.75 * 104 c 
Gyrodinium spp. - - -   3.10 * 103 c 
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Table 1-3. The percent of the total prey carbon available to copepods and the percent of 
total copepod abundance (no. L-1) that is comprised of Acartia spp. and Eurytemora 
affinis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Percentage of Total 
Available Carbon  
Percentage of Total 
Copepod Abundance 
River Station Year > 10 µm    Chl a 
Micro-
zooplankton 
 
Acartia spp. Eurytemora affinis 
         
Choptank  Middle Dry  48 52  97   1 
  Wet  75 25  72 28 
 Upper Dry  36 64  92   8 
  Wet  75 25  46 54 
         
Patuxent  Lower Dry  55 45  95   0 
  Wet  92 8  96   4 
 Middle Dry  71 29  96   0 
  Wet  91 9  98   2 
 Upper Dry  53 47        100   0 
  Wet 97 3  48 52 
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Figure Legends 
Figure 1-1.  Diagram of Chesapeake Bay.  The Choptank and Patuxent River watersheds 
are shown enlarged in the inserts.  White circles denote the biological sampling stations 
and are titled “Lower”, “Middle”, and “Upper.”  White triangles note the location of 
stations were only CTD casts were conducted. 
 
Figure 1-2.  Mean stream flow (m3 s-1) from March 1 through May 30 as recorded at US 
Geological Survey stream gauges, where a) is the Patuxent River and b) is the Choptank 
River.  The long-term mean for the Patuxent River encompasses 25 years of data and 55 
years of data for the Choptank River.  The data was obtained from the USGS at:  
a) http://waterdata.usgs.gov/md/nwis/uv?01594440 (station located near Bowie, 
Maryland) and b) http://waterdata.usgs.gov/md/nwis/uv?01491000 (station located near 
Greensboro, Maryland). 
 
Figure 1-3.   Graphs of temperature during the dry and wet sampling years at each 
biological sampling station.  The dashed line denotes the dry year, and the solid line 
denotes the wet year. 
  
Figure 1-4.  Graphs of salinity during the dry and wet sampling years at each biological 
sampling station.  The dashed line denotes the dry year, and the solid line denotes the wet 
year. 
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Figure 1-5.  Average microzooplankton (20-200 µm) and total phytoplankton biomass 
(µg C ml-1) at all biological sampling stations in the dry year and wet year.  The black 
bars represent the standard error of the means.  Statistical differences between the dry and 
wet years are noted as follows: * (p < 0.05) and ** (p < 0.005).   
 
Figure 1-6.  Average copepod biomass (µg C L-1) and average ctenophore biomass (liters 
of ctenophore per liter of sample) from March – May of the dry and wet years.  The 
following copepod species are represented in the average copepod biomass: Acartia 
tonsa, Acartia hudsonica, and Eurytemora affinis.  No ct. = no ctenophores were present 
in the samples during the wet year.  The black bars represent the standard error of the 
means.  Statistical differences between the dry and wet years are noted as follows: * (p < 
0.05) and ** (p < 0.005). 
 
Figure 1-7.  Diagram of the difference in copepod, microzooplankton, and phytoplankton 
biomass in the dry and wet years.  The volumes of the boxes are related to the biomass of 
each category (where 1 cm2 = 20 µg C L-1).  The bar graph at the bottom represents the 
percent increase in biomass of the 3 categories in the wet year.  The biomass values for a 
given category were determined by averaging all the biomass values at each station and 
from both rivers in each year.   
 
Figure 1-8.  Average yearly spring (March – May) a) stream flow (data obtained from the 
same source as noted in Fig. 2), b) chl a concentration, and c) copepod abundance from 
the Choptank River.  The open bars represent the data from this study, the shaded bars 
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represent data from the Chesapeake Bay Program website.  The solid horizontal lines 
represent the average value from 1988-2003.  The dashed horizontal lines indicate the 1st 
and 3rd quartiles of the data set.  Years average values below the 1st quartile are 
considered low value years, and those with average values above the 3rd quartile are 
considered high value years.    
 
Figure 1-9.  Average yearly spring (March – May) a) stream flow (data obtained from the 
same source as noted in Fig. 2), b) chl a concentration, and c) copepod abundance from 
the Patuxent River.  The open bars represent the data from this study, the shaded bars 
represent data from the Chesapeake Bay Program website.  The solid horizontal lines 
represent the average value from 1985-2003.  The dashed horizontal lines indicate the 1st 
and 3rd quartiles of the data set.  Years average values below the 1st quartile are 
considered low value years, and those with average values above the 3rd quartile are 
considered high value years.  The copepod species included in the copepod abundance 
values are Acartia hudsonica, Acartia tonsa, and Eurytemora affinis.      
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Figures 
Figure 1-1. 
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Figure 1-2. 
 
 
 
 
 
 
 
 
0
20
40
60
80
100
0
10
20
30
40
50
1-Mar 31-Mar 30-Apr 30-May
2002
2003
2002 (3-month mean)
2003 (3-month mean)
Long Term Mean (March-May)
M
ea
n 
St
re
am
 F
lo
w
 (m
3  s
-1
)
a) Patuxent
b) Choptank
 45
Figure 1-3. 
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Figure 1-4. 
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Figure 1-5. 
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Figure 1-6. 
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Figure 1-7. 
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Figure 1-8. 
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Figure 1-9. 
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Chapter 2 
The role of copepod abundance in regulating top-down control of 
estuarine microzooplankton
 53
Abstract 
 This chapter examines the hypothesis that high copepod abundance results in top-
down control of microzooplankton and release of <10 µm phytoplankton from grazing 
pressure (i.e. a trophic cascade).  Copepod grazing on phytoplankton and 
microzooplankton were compared during the springs of an extreme dry (2002) and wet 
(2003) year in 2 tributaries of Chesapeake Bay.  The potential for copepod control over 
microzooplankton biomass was evaluated by comparing the potential copepod 
community grazing rate on microzooplankton (d-1) to microzooplankton growth rate (d-1).  
Multiple regression analysis was used to determine if copepod biomass was inversely 
related to microzooplankton biomass but directly related <10 µm phytoplankton biomass, 
which would indicate a copepod – microzooplankton – small phytoplankton trophic 
cascade.  Grazing pressure on microzooplankton was greatest in the wet year, with 
copepods ingesting 0.21-1.58 µg of microzooplankton C copepod-1 d-1 and removing up 
to 100% of the daily standing stock.  In the dry year copepods ingested 0.14 – 0.71 µg C 
copepod-1 d-1, and a maximum of 3% of daily microzooplankton standing stock.  
Potential copepod grazing pressure was equivalent to microzooplankton growth in the 
wet year, implying strong top-down control.  However, no inverse relationships were 
found between in situ measurements of copepod and microzooplankton biomass, nor did 
these biomass relationships support the presence of a trophic cascade.   
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Introduction 
 Calanoid copepods are the most abundant mesozooplankton species in 
Chesapeake Bay, comprising >65 % of total zooplankton numbers (Brownlee & Jacobs 
1987).  Once thought to be strictly herbivorous, copepods are now known to ingest a 
wide variety of food types (Lonsdale et al. 1979, Roman 1984, Stoecker & Capuzzo 
1990), and many species display the ability to feed actively by selecting or rejecting 
different food types (Donaghay & Small 1979, Strickler 1982).  As a result of their ability 
to selectively choose food, copepods can exhibit food-switching behaviors between 
herbivory and carnivory, often feeding disproportionately on the most abundant prey 
available (Landry 1981, Kleppel et al. 1988, Kleppel 1993).  Recent work suggests that 
microzooplankton are the preferred food source for copepods, as they clear 
microzooplankton at higher rates than phytoplankton even in cases where 
microzooplankton comprise a smaller portion of the total available prey biomass (Gifford 
& Dagg 1988, Merrell & Stoecker 1998, Rollwagen Bollens & Penry 2003).  In addition, 
copepods have greater clearance rates and greater prey concentration specific ingestion 
rates for protozoans than other food sources (Stoecker & Sanders 1985, Gifford & Dagg 
1988, 1991, Roman & Gauzens 1997, Levinsen et al. 2000).  The ingestion of protozoan 
microplankton also benefits copepod populations by increasing egg production rates and 
egg hatching success (Stoecker & Egloff 1987, Tiselius 1989, Tang et al. 2001).  Given 
the prevalence of copepods in Chesapeake Bay and the ability to actively ingest 
microzooplankton, copepods have the potential to significantly influence the structure of 
estuarine planktonic food webs (e.g. Stibor et al. 2004a). 
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 The importance of top-down control of microzooplankton protozoans in marine 
food webs remains inconclusive.  The results of some studies support bottom-up control 
of microzooplankton through food limitation (Verity 1986, Nielsen & Kiørboe 1994), 
while others show possible top-down control from mesozooplankton grazing (Dolan 
1991, Kivi et al. 1996).  Despite these inconsistencies, large changes in copepod biomass 
have the potential to impact microzooplankton biomass given their estimated clearance 
and ingestion rates (Stoecker & Sanders 1985, reviewed by Stoecker & Cappuzzo 1990).   
Increasing freshwater input has been linked to increases in the abundances of 
phytoplankton and mesozooplankton in Chesapeake Bay (Kimmel & Roman 2004).  The 
typical bottom-up control of phytoplankton biomass hypothesis suggests that increased 
nutrient inputs during periods of increased freshwater input are responsible for creating 
phytoplankton blooms (Malone et al. 1988, Harding 1994).  However, given the strong 
trophic coupling between microzooplankton and phytoplankton (Gallegos 1989, Fileman 
& Burkill 2001), it is also possible phytoplankton blooms are created (in part) by 
mesozooplankton removal of microzooplankton.  Similar trophic cascades have been 
documented in freshwater lakes, where the effects of removing or adding piscivorous and 
planktivorous fish effect changes in phytoplankton abundance through a trophic cascade 
(McQueen et al. 1986, Carpenter et al. 1987).  Verity & Smetacek (1996) report that 
while some evidence supports such trophic cascades in the marine literature, the complex 
hydrodynamics of marine environments and the resultant spatial and temporal variability 
in plankton communities, has made it difficult to investigate these relationships in marine 
systems.  This is especially true for estuaries, which have a variety of physical processes 
that can aggregate or disperse different plankton groups depending on their relative size, 
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generation times, and behavior (Roman et al. 2005).  Nonetheless, changes in freshwater 
flow may enhance trophic cascades and top-down control within estuarine plankton 
communities via changes in the abundances of mesozooplankton, microzooplankton, and 
primary producers.   
 The effects of different nutrient inputs and mesozooplankton abundances on 
microzooplankton populations were studied in 2 tributaries of Chesapeake Bay.  The 
research objective was to evaluate the potential for copepods to control the 
microzooplankton community through grazing and to examine if the effects of such 
control would cascade down the food web to impact small (<10 µm) phytoplankton 
biomass.    
    
Materials and Methods 
 Samples were collected from the Choptank and Patuxent Rivers, two mesohaline 
sub-estuarine tributaries of Chesapeake Bay (Figure 2-1).  Two locations in the Choptank 
River (termed middle and upper) and 3 locations in the Patuxent River (termed lower, 
middle, and upper) were chosen based on their positions within 3 distinct hydrographical 
regions of the rivers: (1) wind-driven circulation in the lower estuary, (2) 2-layer 
gravitational circulation in the middle estuary, and (3) the up-river limit of salt intrusion 
in the upper estuary.  Samples were collected during the spring (March through May) of 
2002 and 2003.  As reported in chapter 1, the freshwater flow in each of the rivers was 
below the long-term average in 2002 and above the long-term average in 2003.  As a 
result, 2002 will henceforth be referred to as the “dry” year and 2003 as the “wet” year. 
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Collection Methods 
Mesozooplankton samples were collected by conducting horizontal tows at the 
surface with a 0.5 m diameter, 202 µm mesh size plankton net, equipped with a General 
Oceanics flowmeter.  The samples were preserved with 5 % (v/v) buffered formalin for 
future analysis.  Separate mesozooplankton tows with a 0.5 m diameter, 202 µm mesh 
size, closed cod end net were used to collect live copepods for use in grazing 
experiments.  The contents of these tows were stored in 4 L polycarbonate bottles and 
kept in flow-through seawater bins in order to keep the samples at ambient temperature.  
Natural microzooplankton (20 – 200 µm) samples were collected by preserving a sample 
of the surface water in 10 % (v/v) acid Lugol’s solution (Parsons et al. 1984a, Gifford 
1988, Sherr & Sherr 1993), and stored in tinted glass bottles.  Additional whole water 
samples were collected from the surface of each station and stored in polypropylene 
bottles in the dark until the chlorophyll a (chl a) concentration could be determined at the 
laboratory.  Approximately 10 L of surface water was filtered through a 202 µm mesh 
screen to remove mesozooplankton predators before being stored in 10 L clear 
polycarbonate bottles and placed in the flow-through seawater bins for use in the grazing 
experiments.    
 
Grazing Experiments   
Grazing experiments were conducted following the protocol described by Gifford 
(1993a).  For each station, nine 500 ml clear polycarbonate bottles were filled with the 
<202 µm surface water.  Six of the bottles for each station were designated as controls 
(no copepods present) and 3 were designated as experimental bottles (copepods added).  
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Ten adult female copepods were added to each of the experimental bottles.  The species 
of copepod used was either Acartia spp. (tonsa and hudsonica) or Eurytemora affinis, 
depending on which species was the dominant copepod at a given time and sample 
location (Table 2-1).  The bottles were placed on a rotating plankton wheel contained 
within a transparent UV resistant acrylic box with a screen that reduced light within the 
box by approximately 60% of surface irradiance.  Temperature within the box was 
maintained at ambient levels by flowing river water through the box (Figure 2-2).  The 
box was located outside in order to maintain seasonal light intensities and durations.   
 After one hour, 3 control bottles for each station were removed in order to 
determine the initial concentrations of phytoplankton and microzooplankton.  These 
samples are referred to as the t0 controls.  Water to be used in chl a analysis was divided 
between total and <10 µm size fractions.  The total chl a samples were filtered onto GF/F 
filters and frozen in the dark until analysis.  The <10 µm size fraction chl a was obtained 
by filtering whole water through a 10 µm polycarbonate membrane filter and collecting 
the <10 µm fraction on GF/F filters. The filters were frozen and kept in the dark until 
analysis.  Microzooplankton samples were preserved in 10 % acid Lugol’s solution and 
kept in dark polycarbonate bottles.  Additional microzooplankton samples were preserved 
in 1 % (v/v) gluteraldehyde for use with epifluorescent microscopy.  After 24 hours, the 
other 3 control (termed t24 controls) and the 3 experimental bottles were removed from 
the plankton wheel in order to determine prey growth rates and copepod clearance and 
ingestion rates for both phytoplankton and microzooplankton.  Phytoplankton and 
microzooplankton samples were preserved as above.  
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Sample Analysis   
The mesozooplankton from the preserved field samples were counted and 
grouped according to class, and copepods were further divided into genera.  In order to 
estimate the biomass of copepods, the prosome length of 50 adult female copepods from 
each sample were measured and these measurements were used to calculate carbon 
content based on equations 3a & b in chapter 1.   Microzooplankton were grouped into 
the categories shown in Table 2-2, and biomass (both in situ and from the grazing 
experiments) was calculated by the methods specified in chapter 1.  Since the water used 
in the grazing experiments was filtered through a 202 µm mesh screen upon collection, 
the abundances of organisms in the in situ microzooplankton samples were compared to 
the grazing experiment t0 microzooplankton samples to determine if the there were 
significant reductions microzooplankton abundance that would effect the results of the 
grazing experiments.  Total and <10 µm chl a concentration was determined using a 
Turner flurometer as described in Parsons et al. (1984a).  The >10 µm chl a concentration 
as calculated by subtracting the <10 µm fraction from the total chl a concentration.   Chl 
a concentration (µg L-1) was converted to biomass (µg C L-1) using a carbon to chl a ratio 
of 30:1 (Parsons et al. 1984b).  Only the concentration of >10 µm phytoplankton was 
considered to be available food for the copepods, as the lower size limit of particle 
capture for Acartia spp. and E. affinis is 7 – 10 µm (Nival & Nival 1976, Berggreen et al. 
1988).   
  
Calculations and Statistical Analyses   
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Clearance (ml copepod-1 d-1) and ingestion (µg C copepod-1 d-1) rates of copepods 
on microzooplankton and >10 µm phytoplankton were calculated based on the modified 
Frost (1972) equations given in Gifford (1993a).  Since 2 species of copepods were used 
at different times in the grazing experiments (Table 2-1), the clearance rates for 
microzooplankton and total phytoplankton of both species were compared in order to 
determine if they were comparable so that we could combine the rates into one estimate.  
The clearance rate for both microzooplankton and phytoplankton were not significantly 
different (Student’s t-test) between Acartia spp. or E. affinis.  Thus the calculated 
potential grazing rates were independent of the species of copepod used in the grazing 
experiments.  
In order to examine the impact of copepod grazing on prey populations, the 
percent of prey standing stock removed (d-1) was calculated.  This was calculated as the 
product of copepod abundance (copepods L-1) and the clearance rates (L copepod-1 d-1) 
for >10 µm phytoplankton and each microzooplankton category at each biological 
station, and then expressed as a percentage.  A potential grazing rate (d-1) to prey growth 
rate (d-1) analysis was used to determine the ability of copepod grazing to control 
microzooplankton biomass.  The potential grazing rate of copepods was calculated in the 
same manner as standing stock removed, except it is not expressed as a percentage.  
Microzooplankton growth rates (µ) were calculated using the following equation from 
Gifford (1993a): 
µ = ln (C2 / C1) / t 
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where C2 is the microzooplankton concentration in the t24 control samples, C1 is the 
microzooplankton concentration in the t0 control samples, and t is the total time of 
incubation. 
 All statistical analyses were conducted using JMP Statistical Discovery Software 
4.0.4 (SAS Insitiute Inc.).  Student’s t-tests were used to determine statistical differences 
between dry and wet year copepod biomass estimates and log10 transformed initial prey 
concentrations, and between dry and wet year percentages of standing stock removed.  
The nonparametric Wilcoxon test was used to determine differences in clearance rates, 
ingestion rates, potential grazing rates, and microzooplankton growth between the dry 
and wet years.  Linear correlations were tested for significant differences using analysis 
of variance (ANOVA), and the nonparametric Spearman rank test was used to test 
relationships within multiple correlation analyses.   
 
Results 
Comparison of Microzooplankton Abundances in Environmental Samples and in Grazing 
Experiments 
It is usually assumed that the t0 samples from microzooplankton grazing 
experiments reflect the ambient microzooplankton community.  Although the water used 
in the grazing experiments presented here was collected simultaneously with the 
preservation of natural samples from each station, the t0 abundances in the grazing 
experiments were less than in the field samples.  The greatest decreases in abundance 
occurred in the large heterotrophic dinoflagellate and large ciliate categories, such as 
Protoperidinium spp. and Didinium gargantua (Table 2-3).  The average percentage of 
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decrease in the t0 abundances from the field abundances was 51%.  Percentages of 
decrease in t0 abundance ranged from 7 – 98% decrease from field samples (Table 2-3).  
Pre-filtering collected seawater through 202 µm mesh, storage for up to 5 hours in a 
carboy, pouring the water into the experimental grazing chambers, and mixing the 
contents by end-over-end rotation for 1 h (when the t0 sample was collected) resulted in 
large decreases in microzooplankton abundance (Table 2-3).  These discrepancies are 
most pronounced when large heterotrophic dinoflagellates or large ciliates are important 
members of the assemblage, such as those mentioned above.  Some implications of this 
problem are discussed below. 
 
Grazing Experiment Data   
Analysis of chl a data showed significantly higher biomass of  >10 µm 
phytoplankton at the beginning of the wet year grazing experiments as compared to the 
dry year experiments at both stations in the Choptank River (Figure 2-2).  Increased 
biomass was also measured in the Patuxent River, but statistical differences between the 
2 years were not detected probably due to the small sample size.  While the initial 
biomass of microzooplankton appears to have been greater in the wet year experiments, 
there were no significant differences between the wet and dry years (Figure 2-2).  
Phytoplankton biomass (>10 µm) available to copepods during the grazing experiments 
ranged from 0.04 – 0.19 µg C ml-1 in the dry year, and 0.31 – 0.87 µg C ml-1 in the wet 
year.  The available microzooplankton biomass in the dry year ranged from 0.014 – 0.074 
µg C ml-1, and from 0.013 – 0.111 µg C ml-1 in the wet year.  Thus there was 
approximately a 7-fold increase in the average available phytoplankton biomass as 
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compared to a <2-fold increase in average microzooplankton biomass in the grazing 
experiments during the wet year. 
Examination of clearance rates of copepods on >10 µm phytoplankton revealed 
no specific trends between the dry and wet years, as instances of significantly greater 
clearance rates were found in both the dry and wet years (Table 2-4).  This was also true 
of clearance rates of copepods for microzooplankton, except that there was only one 
instance of a significantly greater clearance rate, which occurred at the upper station of 
the Patuxent River in the dry year (Table 2-4).  Negative clearance rates were calculated 
for the >10 µm phytoplankton prey category, and occurred in both the dry and wet years.  
Negative rates denote situations in which the presence of copepods resulted in increased 
net prey growth compared to the controls without added copepods.  All negative 
clearance rates were assumed to be zero clearance in calculating the averages in Table 2-
4.  Significant increases in the ingestion of >10 µm phytoplankton in the wet year were 
calculated at 2 of the 5 biological stations and at 3 of the 5 stations for ingestion of 
microzooplankton in the wet year (Table 2-4).   
Despite the lack of difference in individual copepod clearance rates for 
microzooplankton between the dry and wet years, large increases in copepod abundances 
(Figure 2-3) in the wet year led to an increased depletion of microzooplankton standing 
stock d-1 (Figure 2-4).  The percentage of microzooplankton standing stock removed d-1 
was significantly greater at all stations in the wet year, with the exception of the upper 
Patuxent station.  Percentages of microzooplankton standing stock removed ranged from 
< 1 – 3% in the dry year and 9 – 60 % in the wet year.  The removal of >10 µm 
phytoplankton standing stock significantly increased in the wet year at both stations of 
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the Patuxent River, but there was no difference in removal at any of the Choptank River 
stations (Figure 2-4). 
In order to estimate whether the increased copepod ingestion of microzooplankton 
biomass in the wet year was great enough to limit microzooplankton growth, the potential 
copepod community grazing rates were compared to the microzooplankton growth rates 
obtained from the experimental controls (Table 2-5).  The potential grazing rate of 
copepods on microzooplankton significantly increased at all but the middle Patuxent 
River station in the wet year.  However, it is important to note that there were no 
significant increases in microzooplankton growth rates in the wet year over those of the 
dry year (Table 2-5).  At all biological stations with a positive microzooplankton growth 
rate, the ratio of potential copepod grazing rate to microzooplankton growth rate 
increased in the wet year (Table 2-4).  The values of this ratio ranged from 0.05 – 0.13 in 
the dry year, and from 0.39 – 2.10 in the wet year.  In the dry year, the microzooplankton 
growth rate was significantly greater than the potential copepod grazing rate at the upper 
Choptank and middle Patuxent River stations.  In comparison, there were no significant 
differences between microzooplankton growth and potential grazing rate in the wet year 
(Table 2-5).  Thus, there was a shift from significantly greater growth rates than grazing 
rates in the dry year (which would allow for net population growth) to no significant 
differences between growth and grazing in the wet year (Table 2-5).   
 
Response of In Situ Biomass   
Measurements of the in situ biomass of copepods, microzooplankton, and 
phytoplankton were reported in chapter 1.  Increases in copepod biomass (4110%) and 
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phytoplankton biomass (733%) were much greater than microzooplankton (88%) in the 
wet year as compared to the dry year (Figure 1-7).  Microzooplankton biomass showed 
no dependence upon copepod biomass in either the dry (ANOVA, p = 0.26) or wet year 
(ANOVA, p = 0.83), or both years combined (ANOVA, p = 0.98).  The results of 
multiple regression analysis (Table 2-6) showed that copepod biomass and 
microzooplankton biomass had no effect on small (<10 µm) phytoplankton biomass when 
the dry and wet years were analyzed separately, but copepod biomass had a significant 
positive effect on <10 µm phytoplankton biomass when both years were combined.  A 
non-parametric correlation analysis revealed a significant positive correlation 
(Spearman’s Rho = 0.41, p < 0.005) between the potential copepod grazing rate for 
microzooplankton, as measured in the grazing experiments, and in situ <10 µm 
phytoplankton biomass from the combined years.              
 
Discussion 
Impact of the Experimental Method   
Protozoan microplankton, particularly aloricate ciliates, are fragile organisms that 
can lyse as a result turbulence and contact with netting (Gifford 1993a).  Gifford (1985) 
reports that up to 37% of ciliate biomass can be lost due to filtering through a 202 µm 
mesh screen.  This problem is demonstrated in this paper by the decrease in 
microzooplankton abundances in the t0 samples from the grazing experiments as 
compared to samples preserved on station (Table 2-3).  The water containing 
microzooplankton used in the grazing experiments was poured through a 202 µm mesh 
screen upon collection and turbulence during handling and transfer into the experimental 
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bottles both may have caused cells to lyse.  This may have caused considerable 
differences in microzooplankton abundances between the experimental samples and in 
situ samples, particularly among the larger protozoans (Table 2-3).  The decreased 
abundance of protozoan microplankton in the grazing experiments, compared to nature, 
may have resulted in an underestimation of ingestion and an over estimation of clearance, 
and hence the potential community grazing rate of copepods on microzooplankton.  
Assuming that copepods select for the largest microzooplankton (Berggreen et al. 1988), 
clearance rates could be underestimated by as much as 59%.  
Using an analysis of prey removal in bottle incubation experiments that contain 
several trophic levels to estimate copepod grazing potentials creates the potential for 
underestimation of copepod clearance and ingestion rates on prey types that are 
consumed by more than one level of grazer (Nejstgaard et al. 2001).  For instance, in the 
grazing experiments described in this paper, phytoplankton may be consumed by both 
microzooplankton and copepods in the experimental bottles, but only by 
microzooplankton in the control bottles.  Therefore, significant grazing pressure on 
microzooplankton as exerted by copepods has the potential to relieve grazing pressure on 
phytoplankton and allow for net phytoplankton growth in the grazing experiment bottles.  
However, microzooplankton grazing may limit net phytoplankton growth in control 
bottles, thus creating a situation where the final phytoplankton concentrations are greater 
in the control bottles than the experimental bottles.  The calculation of negative clearance 
rates of copepods for phytoplankton, as mentioned above, is an outworking of this 
problem.  The calculation of negative grazing rates is common when using this method of 
estimating copepod grazing rates (e.g. Hansen et al. 1993, Nejstgaard et al. 1997, 
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Nejstgaard et al. 2001).  Copepods undoubtedly do ingest phytoplankton during the 
experiments, but the ability to measure this signal is drown-out by a significant release of 
phytoplankton mortality due to decreased grazing from the microzooplankton 
community.  Thus, negative clearance and ingestion rates cause the actual grazing 
pressure of copepods on phytoplankton to be underestimated and an overestimation of the 
contribution of microzooplankton to the copepods diet (Nejstgaard et al. 2001).  These 
negative rates are however indicative of the presence of trophic cascades with in the 
experimental bottles, and are quantitatively related to trophic cascades in nature, as they 
are dependent upon the number of copepods in the bottles.                 
  
Microzooplankton Biomass   
Plankton biomass is controlled by both bottom-up and top-down mechanisms.  In 
the case of heterotrophs, bottom-up control is typically attributed to food limitation, and 
top-down control is attributed to predation (Kiørboe 1998).  In chapter 1 it was reported 
that the small increase in the biomass of microzooplankton in the wet year was negligible 
compared to the large increases of phytoplankton and copepod biomass during the same 
period.  The lack of a significant increase in microzooplankton biomass in response to the 
large increase in phytoplankton biomass is puzzling given the strong trophic coupling 
between microzooplankton and phytoplankton (Gallegos 1989, Fileman & Burkill 2001).  
Assuming a gross growth efficiency of 30 – 40%, a phytoplankton growth rate of        
0.97 d-1, a phytoplankton grazing mortality rate of 0.53 d-1, and that microzooplankton 
ingest 59.7% of primary production in estuarine habitats (Landry & Calbet 2004); and 
using the wet year phytoplankton biomass estimate in chapter 1, it is estimated that 
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microzooplankton biomass should have been on the order of 338 – 450 µg C L-1 in the 
wet year.  However, the average microzooplankton biomass was 222 µg C L-1, which is 
34 – 51% less than the calculated potential biomass.  Ranges in the average total and <10 
µm phytoplankton biomass in the wet year grazing bottles were 610 – 1850 µg C L-1 and 
120 – 1540 µg C L-1, respectively.  Both of these ranges are greater than the reported 
threshold of 50 µg C L-1 required for sustaining microzooplankton growth (Verity 1991), 
also see (Strom & Morello 1998).  In light of the evidence against food limitation, the 
results of the grazing experiments and the copepod population estimates presented in this 
paper imply grazer control of microzooplankton biomass by copepods.   
 Copepod clearance rates of microzooplankton did not significantly change 
between the dry and wet years (Table 2-4), thus the increased control of the 
microzooplankton community in the wet year was a result of the increase in copepod 
abundance (Figure 2-3).  The increase in copepod abundance resulted in increased 
copepod community grazing potential of the microzooplankton population in the wet year 
(Table 2-5), and created potential grazing rates that were equivalent to microzooplankton 
growth rates.  This was in contrast to the dry year when microzooplankton growth rates 
were larger than the potential grazing rate, thus enabling the microzooplankton to out-
grow the copepod grazing pressure (Table 2-5).  The effect of increased copepod 
abundance on the ability to control microzooplankton community biomass is further 
demonstrated by the increased removal of microzooplankton standing stock removed d-1 
in the wet year, when as much as 60% of the microzooplankton community was cleared 
d-1 (Figure 2-4).     
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 Rates of copepod ingestion of microzooplankton typically decrease as the 
concentration of phytoplankton increase (Stoecker & Sanders 1985, Stoecker & Egloff 
1987).  The opposite effect was observed during this study, as copepod ingestion of 
microzooplankton increased in the wet year, when phytoplankton was abundant (Table  
2-4).  The average ratio of ingested microzooplankton (µg C copepod-1 d-1) to copepod 
weight (µg C copepod-1) increased from 0.09 d-1 in the dry year to 0.23 d-1 in the wet 
year.  Thus the ingestion rates increased because each copepod was eating more 
microzooplankton carbon in proportion to its body weight.  The increased ingestion rates 
together with increased selection for microzooplankton (Table 2-7) demonstrate that 
microzooplankton are an important food source for estuarine copepods, even in eutrophic 
conditions.   
 There exist numerous studies supporting mesozooplankton control of 
microzooplankton biomass in freshwater environments (Carrick et al. 1991, Burns & 
Schallenberg 1998, Adrian & Schneider-Olt 1999, Burns & Schallenberg 2001).  These 
studies have focused on the effect of zooplankton grazing on protozoan net growth rates 
through in situ grazing experiments.  They report that protozoan net growth rates are 
inversely related to zooplankton biomass and that there is tight trophic coupling between 
the 2 levels, where zooplankton biomass accounts for as much as 84 % of protozoan 
variability (Carrick et al. 1991, Adrian & Schneider-Olt 1999).  As the importance of 
protozoans to the diets of marine zooplankton has gained greater understanding in marine 
environments, studies have recognized the potential for copepods to control 
microzooplankton distributions and biomass (Stoecker & Sanders 1985, Stoecker & 
Capuzzo 1990, Nielsen & Kiørboe 1994, Kivi et al. 1996, Vadstein et al. 2004).  
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Copepods have the ability to clear ciliates from 35 – 200 % of the surface water column 
per day (Dolan 1991, Kivi et al. 1996).  Vadstein et al. (2004) report that copepods exert 
control over ciliates not only by the direct effects of grazing, but also by greater 
consumption of mutual food resources.   
Despite the large decrease in top-down grazing pressure from copepods (Table   
2-5, Figure 2-4), microzooplankton biomass in the dry year was less than the biomass of 
the wet year.  Small phytoplankton biomass in the dry year grazing experiments generally 
seemed to be sufficient (ranging from 30 – 180 µg C L-1) to sustain maximum protozoan 
growth (Verity 1991, Strom & Morello 1998).   
There was not a greater concentration of microzooplankton in the dry as 
compared to the wet year when there was significantly less top-down control by 
copepods and there seemed to be ample prey concentrations to support microzooplankton 
growth.  One possible explanation is that only adult copepods were used in the grazing 
experiments.  In the natural environment there are many more possible predators of 
microzooplankton.  In this study, adult Acartia spp. and E. affinis only comprised an 
average of 16% (Choptank River) and 34% (Patuxent River) of the total 
mesozooplankton community in the dry year, and 28% (Choptank River) and 42% 
(Patuxent River) in the wet year.  Grazing experiments using copepod nauplii have found 
that they contribute to much as 56% of the total copepod community grazing on 
microzooplankton, and including naupliar ingestion rates adds an additional grazing 
impact on ciliates of 9 – 84% d-1 (White & Roman 1992b, Merrell & Stoecker 1998).  
During the dry year there were additional zooplankton species present, such as the 
calanoid species Centropages hamatus and the cladoceran Podon polyphemoides, that are 
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not usually present during the spring in the mesohaline portion of Chesapeake Bay 
(Brownlee & Jacobs 1987).  Some evidence exists to suggest that P. polyphemoides may 
have greater ingestion rates for microflagellates (>10 µm) than the copepod species used 
in this experiments (Turner & Granéli 1992).  There were also many larval stages of 
organisms that typically inhabit the more southern, higher salinity portions of the Bay, 
but that were able to move into the mesohaline region due to increased salinities in the 
dry year (Figure 1-4).  Therefore, by not using these organisms in the grazing 
experiments, the top-down grazing pressure of zooplankton on the microzooplankton 
community was potentially underestimated.   
 
Small Phytoplankton Biomass   
Microzooplankton have greater ingestion rates for small (typically defined as <10 
or <20 µm) phytoplankton and phytoflagellates than do mesozooplankton, and are 
generally more efficient at grazing small phytoplankton because they have comparable 
growth rates that allow microzooplankton populations to rapidly respond to increases in 
phytoplankton biomass (Kiørboe 1993, Ingrid et al. 1996).  As a result, small 
phytoplankton biomass is often kept in check by microzooplankton grazing (Kiørboe 
1998).  If microzooplankton growth is balanced by mortality due to mesozooplankton 
grazing, then there exists the possibility for windows of reduced grazing pressure on 
small phytoplankton.  If these windows occur in conjunction with ample nutrient 
supplies, then phytoplankton may be able to exploit the decrease in grazing pressure and 
out-grow their protozoan predators.  Such instances of the release of phytoplankton by 
zooplankton grazing on protozoans have been observed in other aquatic systems 
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(Vadstein et al. 2004).  Hansen et al. (1993) described a situation in which copepod 
grazing on protozoans released Phaeocystis from top-down control and aided in bloom 
formation.  In mesocosm experiments Stibor et al. (2004a) found that the presence of 
copepods had a positive effect on small algae biomass, and the presence of gelatinous 
zooplankton had negative effects on small algae biomass.  The removal of other 
phytoplankton-consuming organisms, such as the appendicularian Oikopleura dioica, by 
copepods has also been found to have strong positive correlations with small 
phytoplankton biomass (Stibor et al. 2004b).  The presence of negative clearance rates in 
the grazing experiment results could represent situations where the >10 µm 
phytoplankton were partly released from the top-down control of microzooplankton due 
to copepod ingestion of microzooplankton (Nejstgaard et al. 1997, Nejstgaard et al. 
2001).  It addition less top-down control, copepod grazing of microzooplankton may also 
increase nutrient supplies to phytoplankton by removing the predators of nitrogen 
regenerators (Miller et al. 1995).   
In situ small phytoplankton biomass did show a significant positive relationship 
with copepod biomass (Table 2-6), but only when the data from both the dry and wet 
years were combined, otherwise there was no significant trend in each individual year.  
Additionally, one would expect to find negative relationships between microzooplankton 
biomass and small phytoplankton biomass, but this was also not observed in either the 
dry or wet year, nor with both years combined (Table 2-6).  This lack of correlation may 
be due to sampling intervals that are not of the necessary temporal resolution to detect 
biomass changes that would occur due to grazing, and a the wrong spatial scale to 
account for communities being moved down-river before the next sampling date.     
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 The results of the grazing experiments indicated strong top-down control of 
microzooplankton biomass but in situ biomass measurements did not support this 
hypothesis.  If copepods were able to control microzooplankton biomass then one would 
expect to find an inverse relationship between in situ copepod biomass and 
microzooplankton biomass.  However, there was no significant correlation between the 
natural abundances of copepods and microzooplankton in the dry year (Spearman’s Rho 
= 0.04, p = 0.26), the wet year (Spearman’s Rho < 0.01, p = 0.83), or both years 
combined (Spearman’s Rho << 0.001, p = 0.98).  A possible explanation for this 
observation is that phytoplankton biomass, particularly in the wet year, was great enough 
to saturate copepod grazing and therefore release microzooplankton from top-down 
control (Nielsen & Kiørboe 1994, Levinsen & Nielsen 2002).  However, in the 
experiments presented here, clearance rates of copepods for microzooplankton were not 
depressed in the wet year.  Furthermore, it is not believed that copepod ingestion was 
saturated by the phytoplankton biomass in the wet year because there was a greater use of 
microzooplankton carbon by copepods in the wet year (Table 2-7).  Congruently, the 
ratio of copepod prey ingested to phytoplankton biomass stayed relatively the same 
between the two years (Table 2-7).  Thus, copepod ingestion of microzooplankton was 
not impacted by high phytoplankton concentrations, but rather increased in the wet year.   
 There are several possible explanations for the lack of correlation between the 
results of the grazing experiments and the in situ biomass measurements.  First, this lack 
of correlation may be due to an overestimation of clearance rates for microzooplankton in 
the grazing experiments because of decreased microzooplankton concentrations in the 
experimental bottles as compared to the field samples, as clearance rates decrease as a 
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function of increasing prey concentration (Frost 1972).  This would result in artificially 
high potential copepod community grazing rates in the experiments as compared to actual 
in situ rates.  Another possible explanation for the lack of correlation between copepods 
and <10 µm phytoplankton is the effects of patchy plankton distributions estuaries.  Not 
only are planktonic organisms not homogenous in their horizontal distributions, but due 
to mixing and the ability to vertically migrate, there is also patchiness in vertical 
distributions (Mauchline 1998).  The fact that sampling was only conducted during the 
day, and within the top one meter of the water column, may serve to accentuate the effect 
of patchiness on our results.  A third possibility is that turbulence created from the 
rotation of the plankton wheel may have disrupted microzooplankton patches and 
increased encounter rates between copepods and their prey, thus increasing copepod 
ingestion rates (Saiz et al. 1992) in the grazing experiments as compared to actual in situ 
rates.  Davis et al. (1991) found that moderate to high levels of turbulence can both 
disrupt planktonic patches and increase encounter raters for copepods through creating 
homogeneity of prey.   
 
Summary   
Copepods had substantially greater ingestion and potential community grazing 
rates of microzooplankton in the wet year as compared to the dry year.  As a result of this 
increase in ingestion, as well as the higher copepod biomass in the wet year, it is 
estimated that copepod assemblages had the potential to control microzooplankton 
biomass in the wet year.  The presence of top-down control of the microzooplankton 
community is a possible explanation for the relatively small increase in 
 75
microzooplankton biomass, relative to phytoplankton and copepod biomass, in the wet 
year as reported in chapter 1.  The presence of strong top-down control of 
microzooplankton community biomass may create a window of low grazing pressure by 
which small (<10 µm) phytoplankton may be able to out-grow microzooplankton 
predators.  This window of low grazing pressure created by mesozooplankton removal of 
microzooplankton may be an important factor in small phytoflagellate bloom formation. 
To my knowledge, the results of this study are unique in that this is the first 
estuarine study to compare the grazing potential of copepods to microzooplankton growth 
rates, where both the grazing potential and the growth rates were obtained from the same 
experimental data set.  Other studies (Gifford 1993b, Nielsen & Kiørboe 1994, Levinsen 
& Nielsen 2002) have compared potential grazing rates of copepods to microzooplankton 
growth rates, but they used estimated clearance rates or microzooplankton growth rates 
that were not obtained from the same experimental data set as the potential grazing rates.  
While the experimental methods of this study were not extended as far as freshwater 
studies have done, conducting the experiments in situ, this study has advanced the 
understanding of estuarine zooplankton control of microzooplankton by combining 
potential grazing rate and growth rate analysis.  It is believed that using this method of 
analysis in future studies will further enhance the study of plankton dynamics by creating 
the ability to easily compare different systems and the effects of different zooplankton 
species through the use of data with equivalent units of measure.  
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Tables 
Table 2-1.  Dates on which the grazing experiments were conducted, and the copepod 
species that was used at each station. 
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Table 2-2.  Microzooplankton classification (class, shape, or genus), size category, 
dimensions, lorica volume (LV), and biovolume (µm3 cell-1) used for microscopic counts 
and biomass calculations.  Ciliate size categories are based on anterior diameter.  
Dimensions of non-spherical organisms are listed as diameter * length.  Table is from 
Chapter 1. 
 
a) Merrell & Stoecker 1998 
b) Strüder-Kypke et al. 2002 (http://www.liv.ac.uk/ciliate/) 
c) Phytoplankton Guide to the Chesapeake Bay and Other Regions 
(http://www.serc.si.edu/labs/phytoplankton/guide/index.jsp)  
 
 
 
Microzooplankton 
Class, Shape, or 
Genus 
 
 
Size Categories 
(µm) 
 
Dimensions 
(µm) 
 
LV         
(µm3) 
 
Biovolume      
(µm3 cell-1) 
     
Tintinnid <20   15 * 105 1.86 * 104 5.75 * 103 
 >20 25 * 72 3.24 * 104 1.00 * 104 
Spherical Ciliate <20 17 - 2.57 * 103 
 >20 34 - 2.06 * 104 
Conical Ciliate <20 17 * 42 - 3.18 * 103 
 >20 34 * 56 - 1.69 * 104 
Myrionecta rubra - 17 * 20 -   3.03 * 103 a 
Didinium gargantua - 50 * 70 -   8.50 * 104 b 
Dinophysis sp. - - -   3.28 * 103 c 
Protoperidinium spp. - - -   5.75 * 104 c 
Gyrodinium spp. - - -   3.10 * 103 c 
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Microzooplankton   
Class, Shape, or Genus 
 
 Field 
Abundance 
(number ml-1) 
t0 Abundance 
(number ml-1) 
 
% Decrease in t0 
Abundance 
Tintinnids (<20µm)   4.17 2.18  48 
Tintinnids (>20µm)   3.26 1.38  58 
Conical Ciliate (<20µm)    6.89 3.41  51 
Conical Ciliate (>20µm)    1.66 1.54  7 
Spherical Ciliate (<20µm)  10.32 7.59  26 
Spherical Ciliate (>20µm)    1.87 1.18  37 
Myrionecta rubra  49.14 39.19  20 
Didinium gargantua    1.70 0.06  96 
Dinophysis spp.    1.35 0.40  70 
Protoperidinium spp.   18.75* 0.33  98 
Gyrodinium spp.  46.07 22.34  52 
Table 2-3.  Average estimated abundance of microzooplankton in field samples and in 
corresponding t0 samples from copepod grazing experiments.  The decrease in abundance 
in t0 samples compared to field samples is expressed as the % decrease in abundance in 
the t0 samples.  The field samples were preserved at each sample station immediately 
after collection.  Abundance values listed are the average abundances of all the samples 
from both rivers.  Field abundances that are significantly greater than the t0 abundance 
are denoted by * (Student’s t-test, p < 0.05). 
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    Phytoplankton Microzooplankton 
 
River 
 
Station Year  F          I F          I 
Choptank Middle Dry  7.51(2.18) 0.48(0.12)†  79.13(7.23)‡  0.18(0.02) 
  Wet  15.30(2.57)* 7.76(1.46)**‡    72.61(11.23)‡  0.46(0.10)* 
         
 Upper Dry   4.59(1.28) 0.25(0.07)  77.80(8.24)‡  0.73(0.19)† 
  Wet     13.61(3.68) 1.77(0.55)*  53.43(6.31)‡  0.93(0.20) 
         
Patuxent Lower Dry  22.99(6.52) 0.80(0.17)‡  114.43(10.73)‡  0.25(0.03) 
  Wet      5.07(2.03)* 1.83(0.70)†   103.00(8.76)‡  0.21(0.03) 
         
 Middle Dry  15.95(6.11) 0.42(0.15)    63.95(14.24)†  0.10(0.02) 
  Wet  12.84(4.43) 3.26(1.18)†  66.68(6.22)‡  0.24(0.05)* 
         
 Upper Dry    5.00(2.03) 0.96(0.37)  59.43(8.14)‡  0.30(0.07) 
  Wet    4.29(2.28) 2.37(1.13)    29.88(7.15)*†  2.64(0.98)* 
Average  Dry    9.18 (1.41) 0.49 (0.07)     79.24 (4.25)*‡  0.38 (0.07) 
  Wet  11.21 (1.52) 3.57 (0.50)*‡    64.72 (4.11)‡  0.86 (0.17) 
Table 2-4.  Average clearance (F; ml copepod-1 d-1) and ingestion (I; µg C copepod-1 d-1) 
rates of copepods on >10 µm phytoplankton and microzooplankton.  The numbers in 
parentheses are the standard error of the mean.  If a negative clearance or ingestion rate 
was calculated for any given experiment, that rate was considered to be zero clearance or 
ingestion when the averages were calculated.  Averages that are statistically different 
(Wilcoxon test) in the wet year compared to the dry year are denoted with * (p < 0.05) 
and ** (p < 0.005), and clearance and ingestion rates that are significantly greater on one 
prey type than the other are denoted by † (p < 0.05) and ‡ (p < 0.005). 
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River Station Year  µ (d-1)  
 
Potential grazing 
rate (d-1) 
 
 
 Potential grazingg 
µ 
 
Choptank Middle Dry   0.23  0.02 0.09 
  Wet   0.17   0.23* 1.35 
   
 Upper Dry    0.35†  0.04 0.11 
  Wet   0.41   0.86* 2.10 
   
Patuxent Lower Dry   0.08  0.01 0.13 
  Wet   0.39   0.22* 0.56 
   
 Middle Dry    0.20†  0.01 0.05 
  Wet   0.41  0.16 0.39 
   
 Upper Dry  -0.21  0.02   nr 
  Wet   0.25    0.49** 1.96 
        
Average  Dry    0.19†  0.02 0.11 
  Wet   0.32    0.41** 1.28 
Table 2-5.  Average microzooplankton growth rate (µ, d-1), potential grazing rate of 
copepods on microzooplankton (d-1), and the ratio of copepod grazing to 
microzooplankton growth.  The entry entitled “Average” represents the average growth 
rate and potential grazing rate during of all biological stations for the dry and wet years.  
The potential grazing rate of copepods on microzooplankton is the product of copepod 
abundance (no. L-1) and copepod clearance rates of microzooplankton.  Significant 
differences (Wilcoxon test) in averages between the dry and wet years are denoted by * (p 
< 0.05) and ** (p < 0.005), growth rates that are significantly (p < 0.05) greater than the 
potential grazing rate are denoted with the † symbol. nr = negative ratio 
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Table 2-6.  Results of a multiple linear regression of <10 µm phytoplankton biomass (µg 
C ml-1) as a function of copepod and microzooplankton biomass (µg C ml-1).  All 
categories were log10 transformed to obtain normal distributions (Shaprio-Wilk test, p > 
0.05).  Dry year r2 = 0.13, wet year r2 = 0.04, combined r2 = 0.26. 
 
Dry Year 
 Coefficient SE t p 
Copepod Biomass 0.006 0.055 0.11 0.91 
Microzooplankton 
Biomass 
0.238 0.120 1.98 0.06 
     
Wet Year 
 Coefficient SE t p 
Copepod Biomass 0.109 0.147 0.74 0.47 
Microzooplankton 
Biomass 
0.109 0.143 0.76 0.45 
     
Combined 
 Coefficient SE t p 
Copepod Biomass 0.177 0.046 3.85 <0.001 
Microzooplankton 
Biomass 
0.172 0.101 1.71 0.09 
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>10 µm Phytoplankton Microzooplankton 
River Station  Dry Year Wet Year Dry Year Wet Year 
Choptank Middle 0.16 0.37 0.21 0.34 
 Upper 0.08 0.11 0.20 0.25 
      
Patuxent Lower 0.29 0.04 0.29 0.32 
 Middle 0.20 0.13 0.14 0.28 
 Upper 0.10 0.08 0.11 0.48 
Table 2-7.  Ratio of the concentration of prey ingested by copepods during the grazing 
experiments (µg C) to the concentration of prey available in the grazing experiment 
bottles at the start of the experiments (µg C).  The values denote the concentration of prey 
ingested relative to the concentration available.   
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Figure Legends 
Figure 2-1.  Map of Chesapeake Bay.  The Choptank and Patuxent River watersheds are 
shown enlarged in the inserts.  White circles denote the biological sampling stations and 
are titled “Lower”, “Middle”, and “Upper.” 
 
Figure 2-2.  Comparisons of the salinity (in the experimental bottles) and incubation 
temperature of each grazing experiment in the dry and wet years.  All the grazing 
experiments for a given date were incubated at the same temperature, thus graphs f) and 
g) apply to all stations of that particular river.  
 
Figure 2-3.  The average biomass of microzooplankton and large (>10µm) phytoplankton 
available to copepods at the beginning of the grazing experiments in the wet and dry 
years.  The averages were obtained from the t0 control samples.  Bars represent the 
standard error of the mean.  Statistical differences in the biomass of a given prey type 
between the dry and wet years are denoted by * (p < 0.05) and ** (p < 0.005).  
 
Figure 2-4.  Average copepod abundance estimates as obtained from in situ samples in 
the dry and wet years.  Bars represent the standard error of the mean.  Statistical 
differences in the biomass between the dry and wet years are denoted by * (p < 0.05) and 
** (p < 0.005).   
 
Figure 2-5.  Average percentage of microzooplankton and large (>10 µm) phytoplankton 
standing stock removed d-1 by copepod grazing.  The percentages are the product of 
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copepod abundance and average clearance rates.  Bars represent the standard error of the 
mean.  Statistical differences in the percentage of standing stock removed of a given prey 
type between the dry and wet years are denoted by * (p < 0.05) and ** (p < 0.005).   
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Figures 
Figure 2-1. 
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Figure 2-2. 
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Figure 2-3. 
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Figure 2-4. 
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Figure 2-5. 
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Summary 
 The results of chapter 1 show that increasing freshwater input is correlated with 
increases in the biomass of planktonic organisms.  However, these increases in biomass 
are not uniform across all plankton groups, as large increases were noted in 
phytoplankton and copepod biomass but a small and comparatively negligible increase 
was observed in microzooplankton biomass.  Given the strong trophic coupling between 
phytoplankton and microzooplankton (Gallegos 1989, Fileman & Burkill 2001) it is 
possible that the large (733%) increase in phytoplankton was due impart to the small 
(88%) increase in microzooplankton biomass.  The strong trophic coupling between 
microzooplankton and phytoplankton raises a question as to why the microzooplankton 
biomass wasn’t substantially greater in the wet year given the abundance of prey.  The 
answer to this question seems to be top-down control from the large increase (4110%) in 
copepod biomass observed in the wet year.  The increase in copepod biomass was in turn 
related to the absence of ctenophores in the wet year.  An increase in food availability in 
the wet year was not likely to be the cause of the large increase in biomass over the dry 
year, as copepods are rarely (if ever) food limited in estuarine environments (Huntley & 
Boyd 1984, Huntley & Lopez 1992).  Thus the structure of the plankton community in 
the wet year seems to suggest the presence of strong top-down controls and a possible 
trophic cascade caused by copepod predation on microzooplankton. 
 In order to test the hypotheses raised by the results of chapter 1, the results of 
copepod grazing experiments were analyzed, as discussed in chapter 2.  Analysis showed 
that copepods had increased ingestion rates and community grazing potentials of 
microzooplankton in the wet year compared to the dry year.  The increase in copepod 
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community grazing potential was the result of increased copepod biomass, as clearance 
rates showed no significant change between the two years.  These results demonstrate 
that copepods were able to control microzooplankton biomass in the wet year, as 
potential grazing rates were equivalent to microzooplankton growth rates.  However, in 
situ biomass estimates did not display significant negative relationships between copepod 
and microzooplankton biomass, as would be expected if copepod grazing was controlling 
microzooplankton biomass.  That increased copepod ingestion rates of microzooplankton 
occurred during the same period of significantly increased phytoplankton biomass 
demonstrates that microzooplankton are an important food source for estuarine copepods, 
particularly in eutrophic conditions.  While no experimental evidence existed for the 
presence of a trophic cascade, combining in situ biomass estimates from both years 
resulted in a significant positive dependence of small (<10 µm) phytoplankton biomass 
on copepod biomass.  However, when each year was examined independently, there was 
no relationship.   
 While there were no significant relationships indicating the presence of a trophic 
cascade in the wet year, there was one instance where grazing by microzooplankton may 
have prevented a bloom of Karlodinium micrum in the Choptank River.  I thought that it 
would be interesting to include a brief examination of this instance here, as it provides 
some evidence in support of the existence of estuarine trophic cascades.  In late April to 
early May of the wet year K. micrum abundance began to rapidly increase (Figure 3-1).  
In conjunction with the initiation of this increase there was a decrease in potential 
microzooplankton grazing rates on K. micrum and an increase in potential copepod 
grazing rates on microzooplankton, indicated by the first arrows in all 3 panels of Figure 
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3-1.  The start of the rapid increase in K. micrum abundance just before this date may 
have been initiated by the decrease in microzooplankton grazing pressure due to the 
increased copepod community grazing potential.  The second arrow in each panel 
indicate a period of decreased potential grazing by copepods, increased 
microzooplankton potential grazing, and a large decrease in the rate of K. micrum 
population growth (Figure 3-1).  It is possible that the slowed rate of increase and 
leveling off of the K. micrum population growth was the result of a greater ability of 
microzooplankton to graze the dinoflagellate due to decreased top-down control from 
copepods. 
In summary, I am led to the following conclusions; (1) years (or seasons) of 
significantly increased freshwater input correlate with increased biomass of estuarine 
plankton through a combination of bottom-up and top-down controls.  Bottom-up 
controls primarily affect autotrophs, through nutrient supply.  On the other hand, 
heterotrophic organisms appear to be primarily top-down controlled, as they can 
experience heavy grazing pressure from predators and are rarely food limited in estuarine 
and coastal environments.  (2) There are several possible explanations for why the 
experimental results supported the top-down control hypothesis while the in situ samples 
neither supported this hypothesis or the idea of a planktonic trophic cascade in estuarine 
systems.  The first of these explanations revolves around a long-standing difficulty for 
plankton ecologists, the issue of patchiness.  Patchy distributions caused by the physics of 
estuarine systems and behavior factors make it difficult to properly sample plankton 
populations, and may cause 10 – 30% variation in measurements (Valiela 1995).  In 
chapter 2, the use of horizontal tows to estimate copepod biomass reduced the effect of 
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patchiness, while the method used for collecting microzooplankton samples was highly 
dependent upon patchiness as it only a small sample of surface water from a single 
location.  Thus a greater biomass of copepods could be attributed to the location of the 
sampled microzooplankton biomass than was actually the case.  A second explanation for 
the contradiction between the experimental and in situ results may be the potential 
overestimation of copepod clearance rates of microzooplankton because of decreased 
microzooplankton concentrations in the experimental bottles as compared to the field 
samples.  Finally, the turbulence and bottle effects associated with the grazing 
experiments may increase contact rates between prey and predators, thus creating 
artificially high potential grazing rates compared to actual in situ rates.  (3) The collection 
and handling of microzooplankton samples used in the grazing experiments can potential 
cause ingestion and clearance rates of copepods for microzooplankton to be greatly 
underestimated, by as much as 59% if copepods select for the largest microzooplankton.   
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Figure Legend 
Figure 3-1.  Figure of copepod community grazing potential on microzooplankton (d-1), 
microzooplankton community grazing estimates on K. micrum (d-1), and K. micrum 
abundance (log cells ml-1) as a function of time.  Arrows are defined in the text. 
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Figure 
Figure 3-1. 
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